DIABETIC NEPHROPATHY DEVELOPS in 30 -40% of diabetic subjects and is a major cause of morbidity and mortality. Current treatment consists of tight blood glucose control, lowering of blood pressure to 130/80 mmHg, and the use of inhibitors of the renin-ngiotensin system (RAS) (7, 36) . However, treatment remains imperfect (4) . In particular, it is likely that the presence of endothelial dysfunction requires a special therapeutic strategy since several studies documented refractoriness of a RAS inhibitor is associated with endothelial dysfunction in diabetic patients (9) .
Our group and others have developed an animal model of advanced diabetic nephropathy using endothelial nitric oxide synthase-deficient (eNOSKO) mice (10, 22) . Interestingly, this animal model receives less benefit from RAS blockades compared with diabetic wild-type mice (12) . Thus another therapeutic option is needed in diabetes with endothelial dysfunction.
Organic nitrates are used to provide nitric oxide (NO), which is expected to improve endothelial function and cardiovascular disease. However, long-term effects are limited due to the development of tolerance (35) . In addition, organic nitrates are found to rather exacerbate endothelial dysfunction due to inducing oxidative stress (35) . Hence organic nitrates as previously tested are unlikely to provide a benefit in diabetic nephropathy.
Nicorandil, or 2-[(pyridin-3-ylcarbonyl)amino]ethyl nitrate, is a clinically proven antianginal agent that causes vasodilatation by dual action: one is releasing NO and the other is a binding to and opening of the ATP-dependent K channel (3), the latter of which is associated with the reduction of reactive oxygen species (ROS) in endothelial cells (6) . These actions likely result in an decrease in cardiovascular events in subjects with coronary artery diseases (2, 26) . Similarly, a recent study documented that nicorandil decreased proteinuria in hypertensive patients receiving low doses of angtiotensin receptor blockers (ARBs) (14) . These reports led us to hypothesize that nicorandil could be beneficial in the treatment of diabetic nephropathy even under conditions of severe endothelial dysfunction.
In this study, we tested the effect of nicorandil in the diabetic mice in which eNOS production is permanently disturbed. Data demonstrate that nicorandil does not result in an improvement in systemic endothelial dysfunction in contrast to expectation. However, we found that nicorandil directly reduced oxidative stress in podocytes via the ATP-dependent K channel, independently of NO.
METHODS

Experimental Protocols
All animal experiments were performed in accordance with the Animal Care and Use Committee of the University of Colorado. Male C57BL/6J-Nos3tm1nc mice (eNOSKO mice) were purchased from Jackson Laboratory (Bar Harbor, ME) at 8 wk of age. Mice were fed a standard laboratory chow ad libitum. Diabetic nephropathy was induced by intraperitoneal injections of streptozotocin (50 mg·kg Ϫ1 ·day Ϫ1 for 5 consecutive days) dissolved in 10 mM citrate buffer, pH 4.5 (5) . Diabetes was defined as nonfasting blood glucose Ͼ250 mg/dl using a blood glucose meter (One Touch Ultra; Life Scan, Milpitas, CA). While no mice developed diabetes at day 7 after streptozotocin administration, 33, 72, and 85% of mice became diabetic at 2, 3, and 4 wk, respectively. Only mice which developed hyperglycemia at 4 wk were included in the study. Mice were divided into four subgroups: 1) a nondiabetic group, 2) a nicorandil-treated nondiabetic group, 3) a diabetic group, and 4) a nicorandil-treated diabetic group (n ϭ 8/group). At 4 wk when the onset of diabetes was confirmed in all animals, 30 mg/kg of nicorandil (Chugai Pharmaceutical, Tokyo, Japan) was started. To constantly administer the same amount of nicorandil (30 mg·kg Ϫ1 ·day Ϫ1 ), the concentration of nicorandil in the drinking water was adjusted every 4 days along with as per the water intake volume. Water bottles were monitored daily throughout the study to ensure no leakage occurred. Systolic blood pressure was measured every other week using a tail-cuff sphygmomanometer (Visitech BP-2000; Visitech Systems, Apex, NC). Urine was collected overnight using metabolic cages (Techniplast, Exton, PA). All the mice were euthanized 8 wk after starting nicorandil treatment to obtain blood samples and kidney tissues.
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Histological Analysis
Formalin-fixed, paraffin-embedded sections (2.5-m) were stained with the periodic acid-Schiff reagent (PAS) for light microscopy. On coronal sections of the kidney, all glomeruli (50 -100 glomeruli) were examined for evaluation of mesangiolysis and glomerulosclerosis. Glomerulosclerosis was defined as obstruction of the capillary lumen caused by mesangial expansion or collapsed capillaries, whereas the degree of mesangiolysis was calculated as the number of glomeruli with mesangiolysis (dissolution of the mesangial matrix) divided by that of total glomeruli (22) . Kidney sections were observed by two investigators in a blinded manner.
Immunohistochemistry
Either formalin or methyl Carnoy's solution-fixed, paraffin-embedded sections were used for immunohistochemistry as previously described (11) . The following antibodies were used as primary antibodies: 1) rabbit anti-type IV collagen antibody (Chemicon International, Temecula, CA); 2) rat anti-mouse F4/80 antibody (Serotec, Raleigh, NC); 3) rabbit anti-WT-1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA); 4) goat anti-8-OHdG antibody (Abcam, Cambridge, MA); 5) rabbit anti-nitrotyrosine antibody (Chemicon); and 6) rabbit anti-NPHS2 (podocin) antibody (Abcam). Briefly, after deparaffinization, the sections were treated with 3% H 2O2 for 10 min to inactivate endogenous peroxidase activity. For F4/80, 8-OHdG, and nitrotyrosine, the sections were treated with 10 mM citrate buffer (pH 6.0) for 30 min in a steamer for antigen retrieval. After incubation with a background sniper (Biocare Medical, Concord, CA) for 15 min, sections were incubated with primary antibodies overnight at 4°C. The sections were also incubated with rabbit anti-IgG secondary antibodies for 30 min before immunoperoxidase staining was conducted using the Mach2 rabbit HRP polymer (Biocare Medical). Slides were counterstained with methyl green.
The number of positive cells for F4/80 was counted in all glomeruli at ϫ400 magnification in each section. After immunohistochemistry for WT-1 was performed, podocyte number per glomerulus was calculated using the Weibel-Gomez method as previously reported (25) . Ten representative glomeruli were analyzed on each section for this calculation. To assess the type IV collagen-and podocin-positive area, the digital images at ϫ400 magnification were analyzed using Image scope software (Aperio Technologies, Vista, CA). The percent positive area was determined as the 3,3-diaminobenzidine-positive pixel values per examined interest area from all glomeruli in each section.
Immunofluorescence in the Mouse Kidney
Double immunofluorescence staining was performed as previously described (24) . Briefly, frozen sections (4-m) were fixed in acetone for 10 min. The sections were blocked with 5% animal serum complex and then incubated overnight with primary antibodies, rabbit anti-ABCC9 (sulfonylurea receptor 2; SUR-2) antibody (Abcam), rabbit anti-cGMP antibody (Chemicon), or mouse monoclonal anti-synaptopodin antibody (Novus Biologicals, Littleton, CO), at 4°C. After incubation with either Alexa Fluor 488-labeled goat anti-rabbit IgG (Invitrogen, Carlsbad, CA) or Alexa Fluor 546-labeled goat antimouse IgG (Invitrogen) for 2 h at room temperature, sections were mounted with vectashield anti-fade mounting medium (Vector Labs, Burlingame, CA). A laser-scanning confocal microscope LSM 510 META (Carl Zeiss Microimaging, Thornwood, NY) was used to obtain images.
Western Blotting
Kidney tissues were homogenized in cell lysis buffer (Cell Signaling, Danvers, MA) at 4°C. Briefly, samples were processed for SDS-PAGE and electrotransferred onto a nitrocellulose membranes. A rabbit anti-nitrotyrosine (Chemicon) antibody, rabbit anti-␤-actin antibodies (Sigma-Aldrich, St. Louis, MO), an HRP-labeled antirabbit IgG antibody (Cell Signaling), and Immun Star HRP (Bio-Rad, Hercules, CA) were used. The density of each band was determined using National Institutes of Health Image software and expressed as a value relative to the density of the corresponding band of ␤-actin.
Cell Culture
Conditionally immortalized human podocytes were cultured in RPMI 1640 medium (Mediatech, Manassas, VA) supplemented with 10% FBS, penicillin (100 U/l), streptomycin (100 g/l), and InsulinTransferrin-Selenium A supplements (Invitrogen). Cells were cultured at 33°C to enhance the expression of large T antigen and propagate podocytes, followed by incubation for 10 days at 37°C to induce differentiation into mature podocytes before initiation of experiments. For the experimental studies, podocytes were cultured in DMEM with 5.5 mM normal glucose (NG), NGϩ19.5 mM mannitol (NGϩMan), 25mM high glucose (HG), and HGϩ10 Ϫ5 M nicorandil (HGϩNico) for 72 h.
PCR
Total RNA was extracted from cultured podocytes using an RNeasy Mini Kit (Qiagen, Chatsworth, CA). The first-strand cDNA was synthesized from 1 g of total RNA using an iScript cDNA Synthesis Kit (Bio-Rad). For the detection of SUR2A and SUR2B mRNA, the following oligonucleotide primers were used: SUR2A, 5=-TGAGGGTATTT-TAGTGGAGTGTG-3= (forward) and 5=-CAAAGTGGAAAAGAGGC-CATTC-3= (reverse); SUR2B, 5=-TGGTGACAATAGCTCATCGAG-3= (forward) and 5=-TCCATTTTCCTGAGCCAAGAG-3= (reverse); and ␤-actin, 5=-TGAGATGCGTTGTTACAGGAAG-3= (forward) and 5=-GTGGACTTGGGAGAGGACTG-3= (reverse). The PCR program was optimized and performed as denaturation at 95°C for 3 min followed by 50 cycles of amplification (SUR2A and SUR2B, 95°C for 30 s, 54°C for 30 s, 72°C for 1 min; ␤-actin, 95°C for 30 s, 56°C for 30 s, 72°C for 1 min, respectively) using the MyiQ Single-Color Real-Time PCR Detection System (Bio-Rad). The amount of PCR products was normalized with ␤-actin mRNA to determine the relative expression ratio for SUR2A and SUR2B mRNA.
ROS Detection Assay in Cultured Podocytes
An Image-iT LIVE Green Reactive Oxygen Species Detection Kit (Invitrogen) was used to measure the generation of ROS. Briefly, podocytes were incubated in PBS containing 25 M 5-(and 6)-carboxy-2=,7=-dichlorodihydrofluorescein diacetate (carboxy-H 2DCFDA) for 30 min at 37°C in the dark. This probe is converted by intracellular esterase and ROS to carboxy-DCF, which emits a bright green fluorescence. After incubation, the cells were washed with PBS three times and observed by a laser-scanning confocal microscope LSM 510 META (Carl Zeiss) to obtain images. The intensity in podocytes was measured by Zen 2009 software (Carl Zeiss). A total of 10 fields (at ϫ400) were examined to determine the averaged value of cells in each image.
Cell Number
A conventional MTT assay was used to assess cultured podocyte number (23) . Podocytes were seeded in 96-well plates at 10,000 cells/well and allowed to differentiate at 37°C for 10 days. Seventytwo hours after stimulation by NG or HG medium with or without nicorandil, 20 l of thiazolyl blue tetrazolium bromide (SigmaAldrich) dissolved in PBS at 5 mg/ml was added into each well containing 100 l of medium, and the plate was incubated for 3 h at 37°C. MTT solvent (4 mM HCl and 0.1% P-40 in isopropanol) was used before absorbance was read at 590 nm with a reference filter of 620 nm. Data were expressed as values relative to NG.
Statistical Analysis
All values are expressed as means Ϯ SD. Statistical analysis was performed with ANOVA using Tukey's (for in vivo experiments) or Bonferroni's (in vitro experiments) method to compare four groups. A level of P Ͻ 0.05 was considered statistically significant.
RESULTS
General Characteristics
The injections of streptozotocin resulted in marked hyperglycemia and an increased kidney size (a ratio of kidney/body weight) accompanied by a significant loss of body weight in the eNOSKO mice. Urinary albumin excretion and creatinine clearance were also increased, consistent with early hyperfiltration. Nicorandil significantly reduced albuminuria by 70% in diabetic eNOSKO mice while no effects were observed on renal function (Table 1) .
Glomerular Histology
Compatible with previous reports (10, 22) , diabetic conditions caused glomerular hypertrophy and mesangial expansion accompanied by more severe glomerular lesions such as mesangiolysis or glomerulosclerosis in eNOSKO mice compared with nondiabetic glomeruli (Fig. 1, A-D) . Nicorandil treatment significantly reduced the development of mesangiolysis and glomerulosclerosis (Fig. 1, L and M, respectively) . Similarly, type IV collagen deposition, a marker of mesangial matrix expansion, was markedly increased in diabetic eNOSKO mice (Fig. 1G ) compared with nondiabetic groups (Fig. 1, E and F) while it was reduced by nicorandil treatment (Fig. 1, H and N) . Similarly, diabetic conditions induced F4/80-positive cell infiltration in the glomeruli of diabetic eNOSKO mice whereas nicorandil significantly reduced the number of infiltrating cells (Fig. 1, I , J, and O). Fig. 2 . Blood pressure and markers for endothelial injury in diabetic eNOSKO mice. Time course of blood pressure is shown (A). Nicorandil treatment was initiated at week 4. OE, Nondiabetes; , diabetes; □, nondiabetes with nicorandil treatment; , diabetes with nicorandil treatment. There are no significant differences in blood pressure among the 4 groups at each time point. Representative markers for endothelial injury, P-selectin (B) and ICAM-1 (C), at week 12 are shown. Both of these markers are significantly high in diabetic eNOSKO mice. Nicorandil treatment is not effective in altering the serum levels of these factors. *P Ͻ 0.01 vs. nondiabetes; n ϭ 8/group.
Investigations of Mechanisms Whereby Nicorandil is Protective
Effect on blood pressure. Blood pressure tended to be higher in diabetic eNOSKO mice after 2 wk compared with nondiabetic mice, but the difference did not reach statistical significance ( Fig. 2A) . Nicorandil did not significantly lower blood pressure in either diabetic or nondiabetic groups during the 8-wk treatment period.
Effects on endothelial function. To evaluate whether nicorandil improves endothelial function, serum markers for endothelial dysfunction, P-selectin and ICAM-1, were measured. Serum P-selectin and serum ICAM-1 levels were significantly elevated in diabetic eNOSKO mice; however, nicorandil did not improve either marker (Fig. 2, B and C) . These data suggest that nicorandil likely failed to improve systemic endothelial function in eNOSKO mice. Fig. 3 . Expression of podocin and WT-1 in diabetic eNOSKO mice. The expression of podocin, a podocyte-specific marker, in glomeruli was determined by immunohistochemistry for nondiabetes (A), nondiabetes with nicorandil (B), diabetes (C), and diabetes with nicorandil (D) in eNOSKO mice (ϫ400 original magnification). The reduction of the podocin-positive area in glomeruli as detected by image analysis is significantly inhibited by nicorandil treatment in diabetic eNOSKO mice (G). Immunohistochemistry for WT-1, another marker of podocytes, is also shown in nondiabetic mice (E) and diabetic mice (F). Diabetes induces a decrease in the number of WT-1-positive podocytes in glomeruli (F) compared with nondiabetic mice (E). The number of WT-1-positive podocytes in glomeruli, which is determined by the WeibelGomez method, is shown (H). Nicorandil treatment significantly prevents the decrease in podocyte number in diabetic eNOSKO mice (H). Albuminuria is negatively correlated with WT-1-positive podocytes (I). Values are means Ϯ SD; n ϭ 8/group. *P Ͻ 0.01 vs. nondiabetes. †P Ͻ 0.05 vs. diabetes.
Effects on podocytes.
One of the key findings in diabetic nephropathy is a loss of podocytes (27) , which has been hypothesized to increase the risk for both proteinuria as well as glomerulosclerosis (13) . Thus the marked benefit of nicroandil on proteinuria in the absence of blood pressure control raised the hypothesis that nicroandil might be having a specific effect on the podocytes. To assess the effect on podocytes, we performed immunohistochemistry with the tissues for WT-1 (which marks podocyte nuclei) and podocin (a podocyte specific marker). It was shown that diabetes markedly decreased the expression of podocin (Fig. 3C ) compared with nondiabetic groups (Fig. 3, A and B) . However, nicorandil partially restored its expression (Fig. 3, D and G) . Similarly, the number of WT-1-positive podocytes per glomelurus was decreased in diabetic eNOSKO mice whereas nicorandil also significantly prevented the decrease in the number of podocytes (Fig. 3, E,  F, and H) . As shown in Fig. 3I , urinary albumin excretion in diabetic animals with/without nicorandil was negatively correlated with podocyte number in this study.
The loss of podocytes was associated with increased oxidative stress in podocytes. Indeed, 8-OHdG (Fig. 4A ) and nitrotyrosine (Fig. 4C) were increased in podocytes of diabetic mice, and it appeared to be inhibited in nicorandil-treated mice (Fig. 4, B and D) . Consistent with these data, urinary levels of 8-OHdG (Fig. 4E) as well as renal cortical levels of nitrotyrosine (Fig. 4 , F and G) were also elevated in diabetic eNOSKO mice and were reversed by nicorandil treatment (Fig.  4, F and G) . Perhaps the suppression of oxidative stress by nicorandil could account for the reduction in nitrotyrosine.
Effects of nicorandil on podocytes in vivo. The remarkable protective effect of nicorandil on podocytes in diabetic eNOSKO mice led to the hypothesis that nicorandil might have direct effects on the podocyte. Since nicorandil is capable of donating NO, we initially assumed that its protective effects on podocytes could be due to biological actions of NO. Hence, we examined the distribution of cGMP, as a second messenger in NO signaling. However, in both nondiabetic (Fig. 5A, left) and diabetic eNOSKO mice (Fig. 5A, right) , cGMP was not predominantly detected in podocyte, but it was positive in tubular epithelial cells. Given these facts, we then hypothesized that the effect of nicorandil on podocytes might be via effects on SUR-2 of the ATP-dependent K channel (28, 31) . As shown in Fig. 5B , SUR-2 expression is likely expressed by both mesangial cells and podocytes in vivo in the normal mouse, which was not altered in diabetic eNOSKO mice. Double staining of SUR-2 with synaptopodin (a marker of podocytes) confirmed the expression of the ATP-dependent K channel in podocytes. In contrast, SUR-2 expression was barely detected in tubules. Thus it is likely that nicorandil directly interacts with podocytes via the ATP-dependent K channel rather than NO-cGMP signaling.
By using human cultured podocytes, we verified the mRNA expression of SUR-2 in differentiated immortalized podocytes. RT-PCR detected the expression of both subtypes, SUR-2A and SUR-2B in the podocytes (Fig. 6A) .
Reduced production of ROS by nicorandil in cultured podocytes. Finally, we examined the direct effect of nicorandil on the intracellular production of ROS in cultured podocytes. Using the DCF detection assay, we assessed the amount of ROS as the conversion from H 2 DCFDA to DCF. The intensity of DCF fluorescence was markedly increased in podocytes Fig. 4 . Levels of 8-hydroxy-2-deoxyguanosine (8-OHdG) and nitrotyrosine in diabetic eNOSKO mice. Immunohistochemistry reveals that 8-OHdG-positive cells (arrows) are mainly located in podocytes in glomeruli (A) as well as injured tubular epithelial cells (arrowheads) in diabetic eNOSKO mice. Nitrotyrosine (arrows) is also mainly located in podocytes (C) in diabetic eNOSKO mice in a pattern similar to 8-OHdG. These increased immunoreactivities appear to be suppressed by nicorandil (B and D) . ELISA shows that urinary excretion of 8-OHdG, one of the representative oxidative stress markers, is elevated in diabetic mice compared with the nondiabetic group. Nicorandil treatment significantly inhibits the production in 8-OHdG (E). Immunoblots with renal cortex for nitrotyrosine and ␤-actin are shown (F). Densitometric analysis shows that an increase in the intensity of nitrotyrosine in diabetic eNOSKO mice is significantly inhibited by nicorandil treatment (G). Values are means Ϯ SD; n ϭ 8/group. *P Ͻ 0.01 vs. nondiabetes. †P Ͻ 0.05 vs. diabetes.
with HG (Fig. 6D) compared with NG or NGϩM (Fig. 6, B  and C) . However, nicorandil treatment significantly reduced the DCF intensity in HG (Fig. 6, E and F) . Given that excess production of ROS led to podocyte loss in vivo, we finally examined the cultured podocyte number in NG or HG condition using an MTT assay. A reduction in podocyte number, which was defined as a decrease in the formation of reduced MTT, was observed in HG whereas nicorandil significantly preserved its reaction (Fig. 6G) . These results indicate that podocyte protection by nicorandil observed in the diabetic mice may be attributed to a reduction in the intracellular production of ROS.
DISCUSSION
In the present study, we examined the effects of nicorandil in diabetic eNOSKO mice in which endothelial NO production is genetically and therefore permanently blocked. Here, we assumed that NO released from nicorandil might compensate for a deficiency of endothelial NO and ameliorate the progression of advanced diabetic nephropathy. While nicorandil exhibited a protective effect on proteinuria and glomerular histology, such protection was unlikely due to NO donation or improvement of endothelial function but rather to podocyte protection. In particular, podocytes are found to express an ATP-dependent K channel, which therefore is able to be stimulated by nicorandil. Our in vitro study suggested that nicorandil could reduce oxidative stress through its binding to the ATP-dependent K channel.
Podocytes play a pivotal role in maintaining the integrity of the glomerular filtration barrier, and therefore podocyte injury is thought to lead to the development of albuminuria. While podocyte damages can be caused by diabetes, it might be due to the ability of glucose to increase oxidative stress (33, 34) . We also previously reported that a lack of endothelial NO results in podocyte injury in the mouse (24) , and therefore endothelial dysfunction could contribute to the impairment of podocyte function in diabetes. Given these facts, targeting oxidative stress in the podocytes could be a therapeutic option to block diabetic nephropathy.
Nicorandil, a nicotinamide nitrate, exerts vasodilatory effects and therefore has been used clinically for the treatment of ischemic heart diseases (3). Such vasodilatory effects are due to the ability of nicorandil to donate NO and consequently to activate the soluble guanylate cyclase (sGS)-cGMP pathway. This compound is also known to stimulate the ATP-dependent K channel, predominantly exists in the mitochondria, to increase transmembrane potassium conductance and induce vasodilatation. In addition, an opening of the ATP-dependent K channel also likely contributes to cardiac protection owing to the development of ischemic preconditioning, a phenomenon whereby intermittent bouts of transient ischemia render the heart more resistant to future ischemic insults (20) . Recently, it has been reported that nicorandil exhibits some protections in kidney disease, including anti-Thy.1 antibody-induced mesangial proliferating glomerulonephritis (32) and ischemic-reperfusion injury in the rat (30) . While the mechanism of renopro- tective efficacy of nicorandil has not yet been elucidated, mechanisms likely involve the protection of mitochondrial function and prevention of cell apoptosis (8) .
SUR-2, a composing subunit of the ATP-dependent K channel, is found to be expressed in many tissues, including pancreatic islet cells, heart, skeletal muscle, vascular smooth muscle, and brain (29) . The current study is, to our knowledge, the first documentation showing that SUR-2 is expressed in podocytes. While nicorandil has a dual function in which it is able to donate NO and stimulate the ATP-dependent K channel, the protective effect on podocytes is likely through opening of ATP-dependent K channels (37) because a cGMP signal, as a second messenger of NO, was not detected in the glomerulus. With respect to the localization of SUR-2 in the kidney, Zhou et al. (38) found that SUR-2 is expressed in tubular epithelial cells, yet their finding is distinct from our results. However, such discrepancy could be explained by the difference in species or antibody used.
Over the past decade, both inorganic and organic nitrates, as NO donors, have been tested for cardioprotection in subjects with coronary artery disease. However, unexpected outcomes have been documented in many clinical trials. In fact, many of these compounds paradoxically produce oxidative stress, induce endothelial dysfunction, and result in nitrate tolerance (17) (18) (19) . Precise mechanisms for nitrate tolerance are being uncovered (16), but it is likely that oxidative stress derived from other nitrate compounds impairs aldehyde dehydrogenase to cause nitrate tolerance in mitochondria (15, 21) . In contrast, clinical studies, albeit a limited number of investigations, documented (1) that unlike other nitrates, nicorandil does not seem to induce tolerance in its ability to donate NO (26) . A precise mechanism for this unique and favorable effect of nicorandil remains to be determined. The antioxidative function of nicorandil could account for this benefit.
A major finding in this study is our demonstration that advanced diabetic nephropathy in which endothelial dysfunction is not reversible could be prevented by nicorandil treatment in mice. Although it did not seem to improve systemic endothelial function, chronic administration of nicorandil reduced oxidative stress by stimulating the the ATP-dependent K channel and consequently protected podocytes independently of donating NO. However, we also have to mention that this benefit of nicorandil was mild, and therefore further studies are required to determine how to completely block the progression of advanced diabetic nephropathy.
The authors note several liminations in this study, including a lack of groups with wild-type mice. Perhaps it might be better to evaluate the effect of nicorandil in diabetic wild-type mice as such a benefit might be expected. Another point is that glomerular endothelial function has not yet been elucidated in this model. While nicorandil failed to reduce serum P-selectin and ICAM1 levels, we documented the favorable effect on mesangiolysis, which is believed to be caused by glomerular endothelial dysfunction. Hence it might be conceivable that nicorandil could protect glomerular endothelial cells from diabetic insults. Further study is needed to clarify these issues, in paricular by use of diabetic wild-type mice.
In conclusion, we demonstrate that nicorandil ameliorated glomerular disease in streptozotocin-induced diabetic eNOSKO mice. The therapeutic efficacy of nicorandil observed in the present study suggests the potential of this drug as an additional option in treating diabetic nephropathy in patients with endothelial dysfunction.
